A depth-enhanced three-dimensional -two-dimensional convertible display that uses a polymer-dispersed liquid crystal based on the principle of integral imaging is proposed. In the proposed method, a lens array is located behind a transmission-type display panel to form an array of point-light sources, and a polymer-dispersed liquid crystal is electrically controlled to pass or to scatter light coming from these point-light sources. Therefore, three-dimensional-two-dimensional conversion is accomplished electrically without any mechanical movement. Moreover, the nonimaging structure of the proposed method increases the expressible depth range considerably. We explain the method of operation and present experimental results. © 2004 Optical Society of America OCIS codes: 110.2990, 100.6890, 220.2740 Integral imaging (II), which is also called integral photography, shows a new way to produce practical three-dimensional (3D) displays and has been attracting great attention lately.
Integral imaging (II), which is also called integral photography, shows a new way to produce practical three-dimensional (3D) displays and has been attracting great attention lately. 1 -6 II provides real-time full-color full-parallax 3D images to observers at a certain viewing angle, which distinguishes this II from conventional autostereoscopic displays that have limited discrete horizontal viewing points and from holographic video displays that will hardly be practical in the near future. In spite of these advantages of II, its small expressible depth range is a problem. Moreover, the configuration of II that locates a lens array in front of a f lat display panel prevents the II system from displaying a two-dimensional (2D) image. This can be a significant obstacle to commercialization of a 3D display based on II because a 3D display that is not compatible with a conventional 2D display is expected to f ind only limited application.
In this Letter we propose a depth-enhanced 3D-2D convertible display based on II. To our knowledge, this is the first report of a 3D-2D convertible II system. Schematic diagrams of the proposed method are shown in Fig. 1 . In the 3D mode, a polymer-dispersed liquid-crystal (PDLC) located just behind the lens array is electrically controlled to be transparent. Then the collimated illuminating light is focused by the lens array to form a point-light source array at the focal plane of the lens array. A transmission-type display panel, which is located in front of the lens array at a distance of twice the focal length of the lens array, modulates the intensity of the light rays, and a 3D image is displayed in the increased depth range, as we explain below. In the 2D mode, the PDLC is set to be diffuse. The illuminating light is scattered by the PDLC and relayed by the lens array to illuminate the transmission-type display panel with its diffusing field. Inasmuch as each pixel on the display panel is illuminated effectively in all directions, the observers see the 2D image on the display panel with the full resolution and viewing angle of the display panel. Although the PDLC can be located at other positions, including at the front face of the transmission-type display panel and at the gap between the lens array and the display panel, we locate it on the back plane of the lens array for effective diffusion and ease of implementation.
The main feature of the proposed method is that the lens array is located behind the display panel, unlike in a conventional 3D display based on II for which the lens array is placed in front of the display panel. This conf iguration increases the expressible depth range of the system and permits the introduction of the PDLC to accomplish 3D-2D conversion. Owing to the inverted order of the lens array and the display panel, the way in which the 3D image is displayed is a little different from that in conventional II. Figure 2 shows the way in which the 3D image is formed in conventional II and in the proposed method. In conventional II, the elemental images are imaged at the focal plane of the lens array (which in the literature is usually called the central depth plane) by the corresponding elemental lenses that constitute the lens array, and a 3D image is formed in the vicinity of the focal plane where the light rays from the elemental images converge, as shown in Figs. 2(a) and 2(b). Because the 3D image formation is based on the imaging properties of the elemental lenses, the 3D image cannot be located far from the focal plane of the elemental lenses because of the large focusing error of each elemental image, and the 3D image resolution is degraded as the 3D image depth increases owing to increased magnification. Therefore the expressible depth range is significantly limited in conventional II. 2 Moreover, the gap between the display panel and the lens array should be determined by the lens law according to desired location of the focal plane l c , which prevents the conventional II system from displaying real and virtual 3D images simultaneously. 6 The proposed method, however, overcomes this limitation because 3D formation in the proposed method is not based on the imaging of the elemental lenses. Figures 2(c) and 2(d) show the way in which the 3D image is formed in the proposed method: The elemental image region that corresponds to each point-light source is def ined as the extent of the diverging rays falling on the display panel from the point-light source. As the gap between the lens array and the display panel is f ixed to twice the focal length of the lens array without regard to the 3D image depth, elemental image regions do not overlap, and the gap's width is the same as the elemental lens's width, w. To display a real 3D image point at P in Fig. 2(c) or a virtual 3D image point at P in Fig. 2(d) , we display the elemental image points of P where the lines that join at P and the point-light sources meet the display panel. The elemental image point that exceeds the corresponding elemental image region is discarded to prevent an image-f lipping effect as in conventional II. Then the light rays from the point-light sources that pass through the corresponding elemental image points converge at 3D image point P; hence the observer can see 3D image point P. As 3D image formation is not based on imaging of elemental images, there is no restriction on object depth, and real and virtual 3D images can be simultaneously displayed in the proposed method. The viewing angle of the proposed method is determined by divergence angle u of the point-light source in Fig. 2(b) ; hence it is given by u 2 arctan͑w͞2f ͒, which is similar to that of conventional II. One weak point of the proposed method compared with conventional II lies in the resolution of the 3D image. In the proposed method, each point-light source acts as one pixel, and thus the resolution of the displayed 3D image is determined by the distance between the point-light sources, which is the same as elemental lens pitch w. Because the elemental lens pitch cannot be reduced arbitrarily, the resolution of the proposed method is lower than that of conventional II, and this difference needs to be compensated for in further development of the proposed method.
The 3D imaging part of our study is closely related to previously reported 3D displays in which a point-light source array and a pixel cell were used. 7, 8 However, they actually provide multiple viewpoints in specif ic discrete positions to give observers 3D perception. Hence, in their approach, the image displayed on a pixel cell should be determined by the desired viewing positions of the observer. The proposed method, however, generates a 3D image in space based on the principle of II. As shown in Figs. 2(c) and 2(d), the diverging rays from each displayed 3D image point are angularly sampled by the point-light sources, and therefore a 3D image can be observed in any position with continuous parallax within the viewing angle; this is a unique feature of II distinguished from other multiviewpoint autostereoscopic displays. This voxel-based approach of the proposed method, as of other II methods, is possible owing to the presence of a high-density transmission-type display panel that produces effectively continuous viewpoints. The possibility of the implementation of II by use of a point-light source array was mentioned by Arai et al. 9 However, they mentioned only the optical equivalence between the lens array and the point-light source array in principle, and they did not address the unique properties and system conf iguration of a point-light source array in any detail. Finally, 3D-2D convertibility by use of a PDLC in the backlight unit of a binocular autostereoscopic display was reported in 1998. 10 However, it cannot be applied to a conventional II system because a conventional II system is based not on the directivity of the illuminating light but on the imaging of the elemental images. We propose a novel II system that is based on the directivity of the illuminating light; therefore 3D-2D conversion by a PDLC is possible.
The experimental setup is shown in Fig. 3 . The lens array used in the experiment consists of 70 3 70 square elemental lenses of 3.3-mm focal length and 1-mm pitch with negligible dead zones. The PDLC was fabricated from an E7 liquid crystal and an NOA65 polymer. It is diffuse when no voltage is applied and becomes more transparent as larger voltage is applied. In our experiment, when the applied voltage reached 30 V it acted as a transparent plate, and a 3D image was observed. As a transmission-type display panel, we used a spatial light modulator (SLM) that had a 0.036-mm pixel pitch in the horizontal and vertical directions. Because the elemental lens's pitch was 1 mm, approximately 28 3 28 pixels were contained in each elemental image region. The light source was an incoherent white-light source, and the light rays from the light source were collimated. With the setup in 3D mode, we applied 30 V of electricity to the PDLC to make it transparent and displayed on the SLM the elemental images calculated for the letter S at 20 mm in front of the point-light source array (real image) and for the letter U at 30 mm behind the point-light source array (virtual image) simultaneously. With the setup in the 2D mode, we applied no voltage to the PDLC, so it diffused the collimated illuminated light and displayed on the SLM a plane image of the letters SU. Figure 3(b) shows the experimental setup as it was used.
The experimental results are shown in Fig. 4 . Figure 4(a) shows the integrated 3D image observed from different viewing angles. We can see different perspectives from different viewing directions. It can also be observed that S looks larger than U because S is closer to the observer than U by 50 mm. These results show that 3D images in real and virtual f ields can be successfully displayed simultaneously, which is not possible in conventional II. Figure 4(b) shows a part of the observed image when we stopped applying voltage to the PDLC such that the PDLC became diffuse and hence the proposed system operated in 2D mode: We can see that the 3D images of S and U disappeared and that the elemental images used for displaying them appear to be two-dimensional, as in fact they are. Figure 4 (c) shows another result in 2D mode. In this case, just the 2D image of SU was displayed on the SLM, and no bias was applied to the PDLC. We can see that the 2D image of SU is well displayed with full resolution of the SLM. Hence we can switch between 3D and 2D images by changing the SLM image between elemental images and a 2D image in synchronization with the bias change on the PDLC.
In conclusion, we have proposed, for the f irst time to our knowledge, a novel depth-enhanced 3D-2D convertible display based on integral imaging. In the proposed method the lens array is located behind a transmission-type display panel to form a point-light source array, and a 3D image is displayed based on the principle of II in a modif ied manner. Depth enhancement of the 3D image and 3D-2D convertibility have been explained and verified experimentally.
